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ABSTRACT 14 
The mixed valency (M2+M3+) sulphate minerals, römerite Fe2+Fe23+(SO4)4·14H2O and 15 
botryogen Mg2+Fe3+(SO4)2(OH).7H2O have been studied by Raman spectroscopy. The 16 
Raman spectra of the two types of crystals proved very similar but not identical. The 17 
observation of two symmetric stretching modes confirmed the presence of the two non-18 
equivalent sulphate units in the römerite structure. The observation of multiple bands in the 19 
antisymmetric stretching region and in the bending regions proves the symmetry of the 20 
sulphate anion is significantly reduced in the römerite structure. The number of Raman bands 21 
related to the (SO4)2- symmetric and antisymmetric vibrations support the X-ray single crystal 22 
structure conclusion that two symmetrically distinct S6+ are present in the structure of 23 
botryogen.   Römerite is a mineral of environmental significance as it is commonly found in 24 
tailings and dumps. 25 
 26 
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INTRODUCTION 30 
 31 
The main interest in the study of mixed valency (M2+Fe3+) sulphates arises from at 32 
least two perspectives. Firstly, the recent observation of iron sulphates on Mars by recent 33 
exploration and secondly by the formation of Fe2+ and Fe3+ sulphates by weathering in 34 
different conditions and in evaporate deposits [1]. A large number of Fe2+ and Fe3+ sulphates 35 
are known [2]. Significantly less mixed M2+Fe3+ sulphate minerals are known  - minerals of 36 
the jarosite group, copiapite group, slavíkite, voltaite and especially römerite and botryogen.  37 
Research on the latter two minerals is reported in this paper. 38 
 39 
Römerite, Fe2+Fe23+(SO4)4·14H2O, [3] is one of a number of iron sulphates which form 40 
in environmental situations such as acid mine drainage. It crystallizes in the triclinic space 41 
group P-1 [1]. The crystal structure of römerite consists of isolated [Fe(H2O)6]2+ and 42 
[Fe(H2O)4(OSO3)2]1- groups. These groups are weakly bonded to each other through a system 43 
of hydrogen bonds. The Fe2+ is coordinated by six H2O molecules with an average distance of 44 
2.112 Å. The Fe3+ is coordinated equatorialy by four H2O molecules and two O atoms 45 
belonging to different SO4 groups in four configurations with mean distances of 2.033 and 46 
1.939 Å. Tetrahedral sulphate groups have a mean S-O value of 1.474 Å. According to 47 
Sejkora et al. [4], römerite is formed from Fe2+ containing sulphate solutions by lowering the 48 
acidity of the solution and allowing for the partial oxidation of Fe2+ and Fe3+.  49 
 Botryogen is a supergene mineral of relatively great abundance formed during 50 
the alteration of pyrite, especially in arid climates [5]. It is monoclinic with space group P21/n 51 
and with unit cell parameters in the following ranges: a 10.47-10.51, b 17.83-17.85, c 7.11-52 
7.14 Å, Z=4 [5]. The crystal structure of botryogen consists of linked Fe octahedra and 53 
sulphate tetrahedra, with H2O molecules primarily occupying octahedral apices. One H2O 54 
molecule is directly non-bonded to the octahedra and tetrahedra, with weak bonds to the 55 
tetrahedral and octahedral apical oxygens [6]. All metal ions are coordinated octahedrally by 56 
oxygen atoms of hydroxyls or H2O molecules. The Fe3+ octahedra form infinite chains 57 
parallel to the c axis. Only hydrogen bonds are active between the chains. One of the seven 58 
water molecules is not linked with any cation [7-8].   59 
As part of our on-going research into supergene mineral formation, this paper reports 60 
the Raman spectra of römerite and botryogen and relates the spectra to the molecular 61 
structures of these two sulphate minerals with M2+M3+ cations. 62 
 63 
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 64 
EXPERIMENTAL 65 
 66 
Minerals 67 
 68 
The mineral samples of römerite and botryogen were obtained from the mineralogical 69 
collections of the National Museum Prague, Czech Republic. Two different samples of the 70 
mineral römerite were found at underground workings in the Medvedza lens of the Košice-71 
Bankov magnesite deposit (Slovak Republic) [4]. The first, marked as "small crystals" are 72 
represented by transparent colorless to very light pink elongated tabular crystals (5-50 μm) in 73 
size formed light pink crystalline aggregates up to 1.5 cm in size. The second, marked as 74 
"large crystals" is characterized as well-formed elongated tabular crystals (0.3-0.8 mm) in 75 
size) in cavities of its crystalline aggregates. Both römerite types were analysed for phase 76 
purity by X-ray powder diffraction, and no significant impurities were found. The measured 77 
X-ray powder diffraction patterns of both types are practically identical and agree very well 78 
with the published data. The refined unit-cell parameters for the small römerite crystals, a 79 
6.447(1), b 15.317(4), c 6.315(2) Å, α 90.18(2)o, β 100.92(2)o, γ 85.81(2)o, V 616.5(3) Å3 80 
(triclinic space group P-1) agree very well with parameters from single-crystal measurement 81 
[3].  82 
 83 
The botryogen sample originated from the well-known Alcaparrosa locality, 84 
Antofagasta Province, Chile. Botryogen has dark red transparent crystals (few mm in size) 85 
and included aggregates formed by anhydrite, copiapite and other sulphates. The measured 86 
X-ray powder diffraction pattern and refined unit-cell parameters a 10.483(5), b 17.897(5), c 87 
7.129(3) Å, β 100.210(6)o, V 1316(1) Å3 (monoclinic space group P21/n), agree very well 88 
with the published data [6-8] for this mineral species.  89 
 90 
Both römerite and botryogen samples were quantitatively analysed by Cameca SX 91 
100 microprobe system in wavelength dispersion mode for chemical composition. The 92 
sample was mounted onto the epoxide resin and polished. The polished surface was coated 93 
with a layer of carbon (250 Å). An acceleration voltage of 15 kV, a specimen current of 10 94 
nA, a beam diameter of 10 μm and a suite of well-defined natural and synthetic standards 95 
were used. The raw intensities were converted to the concentrations using automatic PAP 96 
matrix correction software package. The H2O content was calculated from charge balance 97 
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and theoretical contents of water molecules. High sums of chemical analyses are caused by 98 
the loss of cca 20 – 30 mol. % H2O in the vacuum of the electron microprobe. The chemical 99 
composition of römerite was Na2O 0.06, FeO 8.40, MgO 0.94, MnO 0.02, Fe2O3 23.57, 100 
Al2O3 0.08, SiO2 0.13, SO3 45.43, H2Ocalc. 35.91, sum 114.54 wt. % and empirical formula of 101 
the basis 4 (S+Si) apfu (Fe2+0.83Mg0.16Na0.01)Σ1.00(Fe3+2.06Al0.01)Σ2.07[(SO4)3.98(SiO4)0.02]Σ4.00 . 102 
14H2O (small crystals - mean of 7 point analyses) and Na2O 0.03, FeO 8.91, MgO 0.40, MnO 103 
0.01, Fe2O3 22.93, Al2O3 0.17, SiO2 0.06, SO3 43.09, H2Ocalc. 34.00, sum 109.60 wt. % and 104 
empirical formula (Fe2+0.92Mg0.07Na0.01)Σ1.00(Fe3+2.13Al0.01)Σ2.15[(SO4)3.99(SiO4)0.01]Σ4.00 . 14H2O 105 
(large crystals - mean of 8 point analyses). The chemical composition of botryogen was MgO 106 
9.92, MnO 0.65, Fe2O3 21.11, Al2O3 0.18, SiO2 0.096, SO3 40.19, H2Ocalc. 34.49, sum 106.63 107 
wt. % and empirical formula of 2 (S+Si) apfu 108 
(Mg0.98Mn0.04)Σ1.02(Fe3+1.05Al0.01)Σ1.06[(SO4)1.99(SiO4)0.01]Σ2.00(OH)1.21 . 7H2O (mean of 7 point 109 
analyses). 110 
 111 
Raman spectroscopy 112 
 113 
Crystals of römerite  and botryogen were placed on a polished metal surface on the 114 
stage of an Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x 115 
objectives. The microscope is part of a Renishaw 1000 Raman microscope system, which 116 
also includes a monochromator, a filter system and a CCD detector (1024 pixels). The Raman 117 
spectra were excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised 118 
light at 633 nm and collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in 119 
the range between 200 and 4000 cm-1. Repeated acquisition on the crystals using the highest 120 
magnification (50x) were accumulated to improve the signal to noise ratio in the spectra. 121 
Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer.  Previous studies by the 122 
authors provide more details of the experimental technique. Alignment of all crystals in a 123 
similar orientation has been attempted and achieved. However, differences in intensity may 124 
be observed due to minor differences in the crystal orientation.   125 
 126 
Spectral manipulation such as baseline correction/adjustment and smoothing were 127 
performed using the Spectracalc software package GRAMS (Galactic Industries Corporation, 128 
Salem, NH, USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ 129 
software package that enabled the type of fitting function to be selected and allows specific 130 
parameters to be fixed or varied accordingly. Band fitting was done using a Lorentzian-131 
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Gaussian cross-product function with the minimum number of component bands used for the 132 
fitting process. The Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and 133 
fitting was undertaken until reproducible results were obtained with squared correlations of r2 134 
greater than 0.995.   135 
 136 
It should be noted that the curve fitting is influenced by the number of bands chosen 137 
for the fitting process.  If additional bands are added then r2 values can be increased towards 138 
1.0.  However, these additional bands may not have any physical meaning. The number of 139 
bands and their position is influenced by the experimental spectral profile.   140 
RESULTS AND DISCUSSION 141 
 142 
Raman spectra of römerite 143 
 144 
The mineral römerite has a strong resemblance, both in composition and formula, to 145 
halotrichite Fe2+Al23+(SO4)4·22H2O, and related pseudo-alums. Ross [9] reports the 146 
interpretation of the infrared spectra of the potassium alum as: 1, 981 cm-1; 2, 465 cm-1; 3, 147 
1200, 1105 cm-1; 4, 618 and 600 cm-1. The O-H stretching modes were reported at 3400 and 148 
3000 cm-1, bending modes at 1645 cm-1, and librational modes at 930 and 700 cm-1 [10]. In the 149 
structure of alums, six water molecules surround each of the two cations. This means the 150 
sulphate ions are distant from the cations and coordinate to the water molecules. Ross also 151 
lists the infrared spectra of the pseudo-alums formed from one divalent and one trivalent 152 
cation. Halotrichite has infrared bands at 1, 1000 cm-1; 2, 480 cm-1; 3, 1121, 1085, 1068 153 
cm-1; 4, 645, 600 cm-1.  Pickeringite the Mg end member of the halotrichite-pickeringite 154 
series has infrared bands at 1, 1000 cm-1; 2, 435 cm-1; 3, 1085, 1025 cm-1; 4, 638, 600 cm-155 
1 [9].  These minerals display infrared water bands in the OH stretching, 3400 and 3000 cm-1 156 
region; OH deformation, 1650 cm-1 region; OH libration, 725 cm-1 region. Ross also reports a 157 
weak band at ~960 cm-1 assigned to a second OH librational vibration [9]. As with the infrared 158 
spectra, Raman spectra of alums are based on the combination of the spectra of the sulphate 159 
and water. Sulphate typically is a tetrahedral oxyanion with Raman bands at 981 (1 160 
symmetric stretching vibration), 451 (2 doubly degenerate in-plane bending vibration), 1104 161 
(3 triply degenerate antisymmetric stretching vibration) and 613 (4 triply degenerate out-of-162 
plane bending vibration) cm-1 [11,12] . Some sulphates have their symmetry reduced through 163 
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acting as monodentate and bidentate ligands [11]. In the case of bidentate behaviour both 164 
bridging and chelating ligands are known. This reduction in Td symmetry is observed by the 165 
splitting of the 3 and 4 into two components under C3v symmetry and 3 components under 166 
C2v symmetry.    167 
The Raman spectrum of the mineral chalcanthite shows a single symmetric stretching 168 
mode at 984.7 cm-1. Two 2 modes are observed at 463 and 445 cm-1 and three 3 modes at 169 
1173, 1146 and 1100 cm-1. The 4 mode is observed as a single band at 610 cm-1. A complex 170 
set of overlapping bands is observed in the low wavenumber region with broad bands 171 
observed at 257, 244, 210 136 and 126 cm-1. [13] Recently, Raman spectra of four basic 172 
copper sulphate minerals, namely antlerite, brochiantite, posnjakite and langite, were 173 
published [14]. The (SO4)2- symmetric stretching modes for the four basic copper sulphate 174 
minerals are observed at 985, 990, 972 and 974 cm-1, respectively. Only the mineral 175 
brochantite showed a single band in this region. Multiple bands were observed for these 176 
minerals in the antisymmetric stretching region. 177 
 178 
The Infrared spectrum of römerite was presented by Ross in the Farmers book [9]. This 179 
spectrum was taken from Moenke’s Mineralspektren I (1960) and II (1962). The Raman 180 
spectra of römerite in the 800 to 1700 cm-1 region of the small and large crystals are shown in 181 
Fig. 1. Raman bands are found at 880, 999, 1012, 1035, 1058 1117, 1164, 1195 and 1642  182 
cm-1 for the small crystals; and for the large crystals bands are found at 902, 999, 1012, 1036, 183 
1060, 1116, 1165, 1194 and 1650 cm-1. The two intense bands at 1012 and 1035 cm-1 are 184 
assigned to the 1 (SO4)2- symmetric stretching mode. The observation of two bands provides 185 
evidence for the two distinct (SO4)2- units in the römerite structure. Fanfani et al. [3] showed 186 
two different types of sulphate units which is in harmony with the data obtained from the 187 
Raman spectra.  S. D. Ross in Farmer’s treatise [9] based upon the infrared spectrum 188 
determined only a single band at 1002 cm-1. The four bands at around 1058, 1117, 1164 and 189 
1195 cm-1 are assigned to the 3 (SO4)2- antisymmetric stretching vibrations. S. D. Ross in 190 
Farmer’s treatise [9] reported four infrared bands at 1070, 1145, 1184 and 1225 cm-1.   191 
Il'chenko also reported the infrared spectrum of römerite [15] and reported the dehydration of 192 
the mineral.   193 
 194 
The band at around 903 cm-1 of low intensity is attributed to a water librational mode.  195 
Water librational modes are usually of low intensity in the Raman spectrum or are not 196 
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observed at all; whereas in the infrared spectrum the water librational modes show significant 197 
intensity.  The low intensity band at around 1650 cm-1 is assigned to the 2 () bending 198 
vibration of hydrogen bonded water molecules. The position of the bending mode provides an 199 
indication that the water is strongly bonded to the Fe3+ cation as is shown from X-ray 200 
diffraction.  201 
 202 
The Raman spectra of römerite in the 100 to 800 cm-1 region are shown in Fig. 2.  For 203 
the small crystals two bands are observed at 608 and 650 cm-1 and for the large crystals at 204 
606 and 661 cm-1. These bands are assigned to the 4 (SO4)2- bending modes. Ross [9] based 205 
upon the infrared spectrum reported the 4 (SO4)2- bending modes at 595, 618 and 680 cm-1.  206 
 207 
The observation of multiple bands suggests that the symmetry of the (SO4) 2- 208 
tetrahedra have been reduced from Td to a much lower symmetry C2v or C1. The set of bands 209 
for the small crystals centred upon 447 cm-1 at 399, 447 and 472 cm-1 are attributed to the 2 210 
(SO4)2- bending modes. For the large crystals, the spectrum is more complex in this spectral 211 
region. Raman bands are found at 400, 427, 462 and 484 cm-1. Ross [9] reported the infrared 212 
2 (SO4)2- bending modes at 460 and 494 cm-1.  Intense Raman bands are found at 264 and 213 
278 cm-1 for the small crystals and at 268 cm-1 for the large crystals. These bands are 214 
considered to be associated with the hydrogen bonded water molecules. Raman bands at 215 
lower wavenumbers may be simply described as lattice vibrations.   216 
 217 
The Raman spectra of römerite in the 2700 to 3700 cm-1 region are shown in Fig. 3.  It 218 
should be noted the intensity of Raman bands in this spectral region is very low. Hence the 219 
spectra have to be scale expanded in order to study the spectra. For the small crystals Raman 220 
bands are observed at 3029, 3235, 3340 and 3465 cm-1. For the large crystals, Raman bands 221 
are found at 3143, 3359, 3475 and 3588 cm-1. These bands are assigned to the molecular 222 
water stretching vibrations. The observation of multiple bands provides evidence for the non-223 
equivalence of hydrogen bonded water molecules in the römerite structure. O-H...O hydrogen 224 
bond lengths inferred from the spectra are located approximately in the range from 2.7 to 2.9 225 
Å (small crystals of römerite) and from 2.7 to  3.2 Å (large crystals of römerite) [16]. 226 
 227 
Raman spectra of botryogen 228 
 229 
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As in the case of römerite, infrared spectrum of botryogen was presented by Ross [9]. 230 
Similarly the structure of botryogen shows two symmetrically distinct S6+ in (SO4)2- units [7,8]. 231 
Raman spectra of the botryogen sample studied are given in Figs. 4-6. Raman bands at 1178, 232 
1076 and 1041 cm-1 are assigned to the 3 (SO4)2- antisymmetric stretching vibrations and 233 
those at 1017 and 1002 cm-1 to the 1 (SO4)2- symmetric stretching vibrations. As in the case 234 
of römerite, the number of observed bands supports that two symmetrically distinct (SO4)2- 235 
units are present in the structure of botryogen. Ross [9] presented infrared bands at 1142, 236 
1120, 1105 and 1032 cm-1. Raman bands at 1221 and 1202 cm-1 and infrared band at 1200 237 
cm-1 [9] may be attributed to the  Fe3+-OH bending vibrations or the split triply degenerate 3 238 
(SO4)2- antisymmetric stretching vibrations. Infrared bands at 987 and 768 cm-1 [9] may be 239 
related to the  Fe3+-OH bending vibrations and/or librations of water molecules. Raman 240 
bands at 607 and 563 cm-1 and 499, 464 and 384 cm-1 are assigned to the 4 and 2 (SO4) 241 
bending vibrations, respectively. Infrared bands at 655, 637 and ~ 630 cm-1 and 450 cm-1 are 242 
also assigned to these vibrations [9]. Raman bands observed at lower wavenumbers are 243 
associated with the hydrogen bonded water molecules, Fe3+-O and lattice vibrations.  244 
 245 
Raman bands at 3576 and 3441 cm-1 and 3330, 3256 and 3107 cm-1 are attributed to 246 
the  OH stretching vibrations of weakly hydrogen bonded hydroxyl ions and more strongly 247 
hydrogen bonded structurally non-equivalent water molecules, respetively. O-H...O hydrogen 248 
bond lengths inferred from the spectra vary approximately in the range 3.1 – 2.7 Å [16]. A 249 
Raman band at 1626 cm-1 which relates to the infrared band at 1635 cm-1 [9] is assigned to the 250 
2 () bending vibrations of water molecules and that at 2186 cm-1 to an overtone or 251 
combination band.      252 
 253 
CONCLUSIONS 254 
 255 
(1) Raman spectra of iron sulphate minerals römerite and botryogen are studied, 256 
interpreted and compared with their available and published infrared spectra.  Slight 257 
differences are observed in the band positions between the small and large crystals of 258 
römerite.  These differences are the order of 1 to 2 cm-1 which is within the resolution 259 
of the spectrometer.  260 
9 
 
(2) Observed Raman bands are assigned to the stretching and bending vibrations of 261 
(SO4)2- units and water molecules, Fe-O and lattice vibrations, in the case of 262 
botryogen also to the bending vibrations of Fe-OH units.    263 
(3)  The presence of structurally different (SO4)2- units and structurally non-equivalent 264 
water molecules in the structure of both minerals is confirmed.  265 
(4) Approximate O-H...O hydrogen bond lengths are inferred from the Raman spectra of 266 
both studied minerals [16].   267 
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